Abstract-In this manuscript, we consider the uplink of a single carrier frequency division multiple access (SC-FDMA) based system, where a set of small-cells coexist with a macro-cell using the same spectrum. To deal with both the inter-carrier interference (ICI) and inter-system interference, we combine interference alignment (IA) precoding at the small-cell transmitters with iterative decision feedback equalization at the macro-receiver. The transmitter and receiver design is performed jointly by considering both full-coordination and limited inter-system information exchange between macro-and small-cells. At the small cells side, we assume that the access points are connected through a limited capacity backhaul network to a central unit, where the separation of a quantized version of the small-cell signals is performed. For this case, the iterative feedback equalizer is designed by explicitly taking into account the impact of signal quantization. Moreover, a semi-analytical approach for the performance of the proposed schemes is provided. The results show that the proposed schemes are robust to both inter-system and inter-carrier interferences and thus are able to efficiently separate the macro-and small-cells spatial streams under limited information exchange.
I. INTRODUCTION
T O COPE with the increasing demand for wireless services the operators are considering the deployment of smallcells within the boundaries of the existing macro-cells [1] . Beyond the capacity improvements, small-cells offer other advantages for the operators: they are easier to deploy, less expensive and more energy efficient, just to mention a few benefits. Nevertheless, due to the expected extensive deployment of small-cells and costs involved in the acquisition of new spectrum licenses the two systems are likely to coexist within the same spectrum. This requires the development of efficient interference management techniques because if not carefully designed the small-cells signals may generate harmful interference on the macro-cell [2] . As the macro-cell is the licensee (the owner of the spectrum license), to deal with the interference problem small-cells must reuse the unused macrocell resources. These opportunities may be in time, frequency or even in the space dimension. When it comes to the latter the macro-cell terminals may not use all the spatial dimensions due to physical constraints that do not allow a number of antennas as large as in the base station (BS) or as pointed out in [3] , where optimal power allocation may lead to unused spatial resources. In both cases, this leads to unused spatial dimensions at the macro-cell that can be exploited by the smallcell terminals. Active use of the spatial domain through multiple antenna techniques is of outmost importance to minimize the interference levels in a heterogeneous network 1 environment. Interference alignment is a precoding technique that is able to achieve the maximum degrees of freedom of the interference channel, in a variety of settings [5] , [6] . In some cases (e.g., constant channels) this may require long symbol extensions, either across time or across frequency [7] . IA works by dividing the receiver space in two parts, one for interference and the other for the intended signal. By using IA, all inter-user interference is aligned in the interference space, restricting in that way the interference subspace dimensions. Closed form IA solutions are only available for some specific cases [8] . For the other cases, iterative methods may be used [8] - [10] . In [8] , two iterative algorithms were proposed that take advantage of reciprocity in wireless networks to achieve IA, with only local channel knowledge at each node. A convergent alternating minimization approach to IA was proposed in [9] . In [10] the authors presented two algorithms that optimize the precoding subspaces by maximizing the data rate performance while maintaining the achievable degrees of freedom.
IA techniques were recently proposed to mitigate the interference of small-cell user terminals (UTs) towards the macrocell BS [11] - [13] . In [11] the authors proposed a new interference alignment scheme that successively creates transmit beamforming vectors for the small-cell terminals and for the macro BS assuming that they have different number of transmit antennas. A scheme that takes advantage of the orthogonal frequency division multiplexing (OFDM) cyclic prefix for interference alignment was proposed in [12] . The work in [13] studied several IA techniques with different levels of inter-system information sharing: a coordinated IA with large information sharing requirements, a static IA and an uncoordinated IA without any information sharing. The problem of IA precoded, under limit information exchange, for narrowband heterogeneous based networks, has been analytically tackled in [14] .
In [15] the authors presented the first experimental study of IA in measured multiple-input multiple-output OFDM (MIMO-OFDM) interference channels. Due to the high peak-to-average power ratio (PAPR) OFDM is mainly used for the downlink. On the other hand, SC-FDMA is a promising solution technique for high data rate uplink communications in future cellular systems. The principal advantage of SC-FDMA is the PAPR, which is lower than that of OFDMA [16] , [17] . SC-FDMA was adopted for the uplink, as a multiple access scheme, of the current long-term evolution (LTE) cellular system [18] . Singlecarrier frequency domain equalization (SC-FDE) is widely recognized as an excellent alternative to OFDM, especially for the uplink of broadband wireless systems [19] , [20] . Conventional SC-FDE schemes employ a linear FDE optimized under the minimum mean square error (MMSE) criterion. However, the residual interference levels might still be too high, leading to performance that is still several dB from the matched filter bound (MFB) [21] . For this reason, there has been significant interest in the design of nonlinear FDE in general and decision feedback FDE in particular, with the iterative block decision feedback equalizer (IB-DFE) being the most promising nonlinear FDE [21] . IB-DFE was originally proposed in [22] and was extended for a wide range of scenarios in the last years, ranging from diversity scenarios, multiplexing MIMO and multicarrier code division multiple access (MC-CDMA) systems, among many others [23] , [24] .
In this manuscript we combine IA precoding at the smallcell transmitters with IB-DFE based receivers at the macrocell. The main motivation is that, IA based schemes are quite efficient to deal with inter-system interference. However, IA is not specifically designed to deal with the ICI that arises in SC-FDMA based systems. Thus, in the context of heterogeneous systems, this combination allows us to design the transmitters and receivers to cope with both inter-system and inter-carrier interferences, achieving the high order diversity offered by the MIMO SC-FDMA systems and thus efficiently separate the macro and small cell spatial streams. To the best of our knowledge the joint design of IB-DFE based receivers and IA precoders for heterogeneous systems has not been addressed in the literature. In a first approach, the transmitters and macroreceiver are jointly optimized by considering full coordination between the two systems and then a limited inter-system information exchange approach is derived. For the optimized approach, it is demonstrated that the small-cells must align their transmission along the null-space of the macro-channel. The amount of information required to inform the small cells about the macro-channel would be very high, resulting in poor system efficiency and high cooperation delays. To limit these problems for the limited inter-system information approach the macro-cell forwards to the small-cells a quantized version of the macro-cell channel. This information is used by the small-cell UTs to align the interference along the null-space of the quantized macro-channel. At the small cells, we consider that the access points (APs) are connected through a limited capacity backhaul network to a central unit (CU), where the separation of a quantized version of the small-cell signals is performed. An efficient iterative feedback equalizer, based on the IB-DFE principles, is designed by explicitly taking into account the signal quantization errors.
The proposed receiver structures are explicitly designed taking into account inter-system and residual inter-carrier interferences, allowing an efficient co-existence of both systems. Furthermore, we propose a simple, yet accurate semi-analytical approach for obtaining the performance of the proposed receiver structures.
This manuscript is organized as follows: Section II presents the system model. In Section III, we start by jointly designing the small-cell precoders and macro equalizer and then we propose an efficient approach to reduce the inter-system information exchange requirements. In this section, we also design the small-cell receiver by taking into account the impact of the signal quantization. Section IV presents the main simulation results. The conclusions will be drawn in Section V.
Notations: Boldface capital letters denote matrices and boldface lowercase letters denote column vectors. The operations 
II. SYSTEM MODEL
We consider a scenario with a set of K small-cells overlaid by a macro-cell as shown in Fig. 1 . We assume that both the macro and small-cells are operating in time division duplex (TDD) mode. The N small-cell APs are connected through a limited backhaul network to a CU. The uplink for both the macro and small-cells uses SC-FDMA as the access technique, with L available subcarriers. In the following, the macro-cell UT is denominated by UT 0 and the UT (AP) in small-cell k by UT (AP) k. The index l is used to denote a given subcarrier 2 of the L available.
A. Macro-Cell
The macro-cell has a BS and an associated UT. The number of antennas at the BS and the UT is T 0 and M 0 , respectively. In the next sections, it is assumed that T 0 > M 0 since due to physical constraints at the transceivers it is likely that the number of antennas at the user terminal will be lower than the number of antennas at the BS. The received frequency-domain signal (i.e., after cyclic prefix removal and discrete Fourier transform (DFT) operation) at the BS and the lth subcarrier is given by
where
the small-cells transmitted signal and n l 0 the white Gaussian noise, with variance σ 2 n . The macro-BS has channel state information (CSI) of channel H l 00 and channel H l 0k is known at UT k. This CSI may be acquired by listening to the pilots and/or training sequences broadcasted by the macro-UT (macro-BS), since the macro cell and small cells mode of operation is TDD.
The macro UT uses all available spatial resources for data transmission, i. 
To normalize the notation, for the macro and small-cells we denote by
is the transmitted signal but for the small-cells we apply a precoder to this sequence before transmission.
B. Small-Cells
Each small-cell has one AP and an associated UT. AP k has T k antennas and UT k M k antennas. The received signal in frequency domain at AP n and subcarrier l is
where H l nk ∈ C T n ×M k denotes the channel from UT k to the AP n at subcarrier l and n l n white Gaussian noise with variance σ 2 n . Small-cell UT k has CSI of channel H l 0k , which may be acquired by taking advantage of the channel reciprocity properties for TDD systems. The transmit signal at UT k is obtained through the linear map
The data symbols are drawn from a M-QAM constellation.
C. Backhaul Network (Signal Quantization)
The K small-cell APs are connected through a backhaul network to a CU allowing for the joint processing of the received signals, see Fig. 1 . The total number of antennas associated to the CU is T s = T 1 + · · · + T K and the total number of streams received is P s = P 1 + · · · + P k . It is assumed that the backhaul network has a limited capacity to convey the APs signals to the CU. We assume that at each AP the received signal is digitized, converted to the frequency domain and then quantized per subcarrier before being conveyed to the CU. The signal at each antenna is quantized independently of the other antennas. The quantized signal of antenna t
where f Q (.) denotes a quantization function and the operators Re{.} and Im{.} the real and imaginary part of y l n (t). In this manuscript, for the sake of simplicity, we consider uniform quantizers, i.e., an uniform f Q (.) has 2 B levels equally spaced between clipping levels −A m and A m .
III. PRECODER AND EQUALIZERS DESIGN
In this section, we jointly design the precoders and the iterative equalizers for both the macro and small-cells such that they can coexist under the same spectrum. The design is done under different levels of cooperation. First, we present the generic case where full-cooperation between the macro and small-cells is enabled. Then, we reduce the inter-system communication needs by proposing a limited information exchange approach for inter-system coexistence.
A. Joint Precoder and Equalizer Design
It is well known that for SC-FDMA based systems, linear equalization is not efficient to separate the spatial streams due to the residual inter-carrier interference [24] . In the context of heterogeneous systems, the equalizer should be designed to deal with both ICI and inter-system interferences. Therefore, a conventional linear equalizer design may not be the best strategy. To deal effectively with both the inter-system and inter-carrier interferences we jointly design an iterative frequency domain equalizer, based on IB-DFE principles, and a set of linear precoders at the small-cells. The macro-BS equalizer and the small-cell precoders are jointly designed so that the interference generation and cancelation procedures are optimally matched.
In the following, the index k is dropped to improve the clarity of the equations as the presented derivation is for macro UT (k = 0). 
1) Description of the Iterative Equalizer:
A block diagram of the proposed IB-DFE received structure is depicted in Fig. 2 . At the ith iteration, the received signal on the lth subcarrier, before the IDFT operation is given by
where e l is a zero mean error vector and i is a diagonal correlation matrix, where the correlation coefficient computed for the pth L-length data block is
This scalar i (p) represents a measure of the reliability of the estimates of the pth L-length data block associated to the ith iteration. For QPSK i (p) can be obtained as described in [25] , and for larger constellations as described in [26] . For the sake of simplicity and, without loss of generality, in this work we consider only QPSK constellations. Therefore, the hard decisiond
For a given iteration, the iterative equalizer is characterized by the matrices F l,i and B l,i .
2) Bit-Error-Rate Minimization:
For the sake of simplicity, the dependence on the iteration index is dropped in the following equations of this section. For a QPSK constellation with Gray mapping the bit-error-rate (BER) is approximately given by [27] 
where Q(x) denotes the Q-function and MSE l the mean square error on the frequency domain samples s l , given by
After some mathematical manipulations, it can be shown that (10) can be reduced to
The different correlation matrices of (11) are given by
with R k = 2 k I and R n = σ 2 n I N 0 , being the correlation matrices of the data symbols and of the residual noise.
From (9), it is clear that to minimize the average BER at each receiver we need to minimize the overall MSE at each subcarrier. This optimization problem can be formulated as min
The optimum solution to optimization problem (13) is as derived in Appendix A
denotes the interference component. The Lagrangian multiplier μ 0 is selected, at each iteration i, to ensure that the constraint L l=1 tr(F l H l 00 ) = LM 0 is fulfilled. For the first iteration (i = 1) matrix 0 and vector s 0 l are respectively, a null matrix and a null vector. Equation (14) imposes a constraint on the number of streams that each small-cell UT is able to transmit. Namely, the maximum number of streams that UT k(k > 0) is able to transmit is P k = M k − M 0 . Please note that (14) imposes that H l 00 H l 0k V l k = 0 and then the inter-system interference H l 0k V l k , k = {1, . . . , K} is aligned within the macro channel null-space (N (H l  00 ) ).
3) Limited Inter-System Information:
The matrix H l 00 is made available at the small-cell terminals either through the existing backhaul infrastructure or over the air through a dedicated cognitive pilot signal as proposed in [30] for the coexistence of various access technologies. After the reception of matrix H l 00 , the small-cell UTs design their precoders according to (14) . Nevertheless, the broadcast of matrix H l 00 requires the exchange of macro-cell channel matrix, this is equivalent to the transmission of 2T 0 M 0 real numbers, per subcarrier. This leads to a high overhead of information exchange between the two systems. To reduce these requirements we propose to uniformly quantize the real and imaginary parts of each element of matrix H l 00 and then broadcast the quantized version (19) In this case, we use a quantized version of the macro channel to compute the small-cell k precoder. Contrarily to the coordinated approach, where the macro-channel is fully known at the smallcells, this requires the exchange of just 2BT 0 M 0 bits between the two systems. As will be shown in the numerical results section, the gap to the coordinated approach is just 1 dB, for B = 1 bit. Therefore, with only one bit for the quantizer we achieve close to optimum performance and the feedback overhead is reduced from 2T 0 M 0 reals to 2T 0 M 0 bits. To note that contrarily to the case where the signal subspace is completely orthogonal to the interference subspace, see (14) , in the quantized approach there is some overlap between both and then the macro-cell equalizer is not able to eliminate the interference without filtering out some power from the signal of interest.
B. Iterative Equalizer Design for the Small-Cells
In this section we derive the IB-DFE equalizer for the CU by taking into account both the signal quantization error and the macro-cell generated interference at the small-cells.
It can be shown that the DFT of a single-carrier signal is approximately Gaussian (i.e., a single-carrier signal is approximately Gaussian at the sub-carrier level). Due to its Gaussian nature, it can be shown that the quantized signals can be decomposed as the sum of uncorrelated useful and distortion terms [31] (21) where the different correlation matrices are given by (22) with R d = 2 s I P s and R n = (σ 2 n + σ 2 Q )I N s , being the correlation matrices of the data symbols and of the residual noise. The residual noise takes into account both the channel noise and the quantization noise, see (20) . At the CU the subcarrier l MSE optimization problem is min
By using the Lagrangian and KKT conditions associated to optimization problem (23) , now using the MSE given by (21)), we obtain the solution, for the CU IB-DFE equalizer
The complexity of each iteration of the proposed receiver structures is similar to the linear MMSE based equalizer, since most of the complexity comes from the matrix inversion to compute the feedforward coefficients. Therefore, the additional complexity of the proposed receivers is basically given by the number of equalizer iterations. As we will see in the next Section, 2-4 iterations are enough to achieve a performance close to the one given by the MFB.
IV. PERFORMANCE RESULTS
In this section, we present both numerical and semianalytical results to verify the performance of the proposed methods. The saturation level (A m ) is optimized for each pair (σ n , B) to minimize the power of the quantization error. In the following, the ordered set
} denotes a macro-cell with a single antenna UT and a two antenna BS; and three small-cells with two antenna UTs and a CU with four associated antennas. We present results for 
In the first configuration, the small-cell UTs may transmit M s − M 0 = 1 data streams per sub-carrier and for the second they can transmit M s − M 0 = 2 streams per sub-carrier. To note that the macro-cell transmits always M 0 data streams (M 0 = 1 and M 0 = 2, for the first and second scenarios, respectively). The block size is L = 128 as well as FFT size and a QPSK constellation with Gray mapping was adopted. The channels between each transmitter and receiver pair are uncorrelated and severely time-dispersive, each one with rich multipath propagation and uncorrelated Rayleigh fading for different multipath components. Specifically, we assume L p = 32 symbol spaced path frequency-selective block Rayleigh fading channel with uniform power delay profile (i.e., each path with average power of 1/L p ). The same conclusions could be drawn for other multipath fading channels, provided that the number of separable multipath components is high. We also assume that the long term channel power is normalized to one for the all links. In addition, we assume perfect channel state information and synchronization. The BER performance is presented as a function of E b /N 0 , with E b denoting the average bit energy and N 0 denoting the one-sided noise power spectral density. We consider 0 = 1 = · · · = K = 1 and then the E b /N 0 is the same at both the macro and small-cells. In most scenarios, we present the theoretical and simulation average BER performances for the proposed methods. For the sake of comparisons, we also include the MFB performance.
Let us start by considering the scenario Figs. 3 and 4 we present results for the macro-cell, both for the coordinated and quantized approaches, respectively. We present results for the first, second and fourth iterations of the IB-DFE equalizer. From the results, it is clear that the proposed semi-analytical approach is accurate. As can be verified from Fig. 3 with just two iterations the performance is already very close to the MFB. Furthermore comparing Fig. 3 with Fig. 4 we verify that the performance of the quantized approach, with B = 1, (used to design the interference subspace at the BS) is around 1.3 dB away from the coordinated approach, which almost achieves the MFB for 4 iterations. As expected by increasing the number of quantization bits (B > 1) the performance tends to the one achieved by the coordinated approach. The gain obtained by going from 1 bit to 2 is around 1 dB but for 2 to 3 bits the gain is marginal. This gives an indication that from 2 bits the gain obtained by increasing B is marginal and we can conclude that with a small number of bits, close to the optimum performance can be achieved. The semi-analytical curves for B = 2 and 3 were not presented only for clarity. To verify the impact of the quantization procedure we present in Table I the average signal to interference plus noise ratio (SINR) versus the number of bits used to quantize the macro-channel, for the iteration number four of the IB-DFE equalizer. These results corroborate the results presented in Fig. 4 . Now let us consider the second scenario, still for the macro-cell. The results for this configuration are presented in Figs. 5 and 6. Notice that for this case we transmit two streams instead. Comparing the results of this configuration with the previous configuration, we verify that for this case the gap between the first and second iteration is higher. This is due to the fact that for the second scenario the macro UT sends two streams of information to the BS, i.e, two 128-length blocks, contrarily to the first scenario where only one stream is sent. Therefore, for the second case the proposed iterative equalizer must deal both with inter-system, inter-carrier and inter-block interference. From the results, we can observe that 4 equalizer iterations are enough to achieve a performance close to the MFB. This means that the proposed scheme is quite efficient to separate the spatial streams and achieve the high diversity order inherent to this scenario, with only a few iterations. For the proposed quantized approach the gap is around 0.7 dB to the MFB for B = 1. For a higher number of bits, the gap is even lower and with just two bits it almost overlaps with the case where no quantization is considered. Focusing now on the small-cells, we present results for both the case where the APs quantize the receive signals and for the case where there is no signal quantization, i.e., the received signal is forwarded to the CU as if it was received directly at the CU. Let us consider first the case without quantization, see Figs. 7 and 8. From these two figures, we observe that with 4 iterations we are already very close to the MFB. Moreover, the semi-analytical approximation is accurate. Indeed, for the first iteration, where the IB-DFE based equalizer reduces to a linear MMSE-based frequency domain equalizer, they almost overlap. This is a consequence of the accuracy of the Gaussian assumption made to derive the proposed semi-analytical results. For highly time-dispersive channels with rich multipath propagation the inter-symbol-interference (ISI) is high and therefore the signals of interest may be assumed Gaussian. Nevertheless, at the second iteration the ISI is already significantly reduced, as can be seen by Figs. 7 and 8 . Therefore, the Gaussian approximation of the residual ISI is less accurate. As the number of iterations increases the Gaussian approximation starts to hold again since for this case the ISI is almost entirely removed, especially for high E b /N 0 values and therefore we converge to a noise only scenario. The main difference between the two cases (macro and small-cell) is that the CU has to deal with more inter-block interference than the macro BS. This is because the CU needs recover the signals stemming from K terminals and cancel the interference coming from the macro-cell. On the other hand, the BS just needs to extract the macro-cell signal and cancel the small-cell interference, which is constrained to a low dimensional space. This aspect can be confirmed by comparing the results obtained for the macro and small cells. From these results we can verify that contrarily to the macrocell, where with just two iterations we are able to remove almost all interference, at the CU we need four iterations to achieve the MFB. Figs. 9 and 10 were obtained for the same parameters of Figs. 7 and 8, but with B = 5 bits used to quantize the received signals at the APs. For this case, due to the quantization procedure there is residual interference between the UTs signals that may affect significantly the system performance. From that figures, we can verify that the semi-analytic results are still close to the ones obtained by simulation. Furthermore, with just four iterations we achieve close to the MFB performance (with As expected, the performance improves as the number of quantization bits increase. With B = 6 bits we achieve very close to MFB performance. Indeed we have a gap of around 0.1, 0.2, 0.6, and 2 dB for BER = 10 −4 respectively, for the cases without quantization, B = 6 bits, B = 5 bits and B = 4 bits. When we have a single iteration there is a significant performance degradation from B = 6 to B = 4 bits, since the inter-user interference increases as the number of quantization bits decrease. However for the 4th iteration we can see that the performance degradation from B = 6 to B = 4 bits is much lower. In fact the performance for B = 5 and B = 6 bits is almost the same, which means that by increasing the number of equalizer iterations we are able to reduce considerably the impact inherent to the noise introduced by the quantization procedure. 
V. CONCLUSION
In this paper, we considered a heterogeneous network with a set of small-cells overlaid over a macro-cell. The terminals are SC-FDMA based devices. The macro-cell equalizer and small-cells precoder are jointly optimized to achieve the minimum mean square error. It is demonstrated that for the full coordinated approach the optimum solution is to align the small-cells interference along the macro-channel null-space. To reduce the amount of inter-system information exchange required by the coordinated approach we proposed to quantize the macro-channel, i.e., to align the interference along the quantized macro-channel null-space instead. The interference subspace as designed by the quantized approach is able to achieve close to optimum performance with reduced information exchange between systems (1-bit is enough to achieve close to full coordinated performance). To reduce the backhaul load the equalizer at the CU was designed to efficiently separate the intra-tier small cell users taking into account the signal quantization error and the macro-cell generated interference. We also proposed a simple, yet accurate semi-analytical approach for obtaining the performance of proposed methods. The results have shown that the proposed approaches are robust to the inter-system interference and are able to efficient separate the spatial streams, while allowing a close-to-optimum spacediversity gain, with performance close to the MFB. To achieve these results only a few iterations of the equalizers and a low amount of information exchange between systems is required.
APPENDIX A JOINT IA AND IB-DFE OPTIMIZATION
The aim of this appendix is to derive the optimum solution to optimization problem (13) . To simplify the notation we remove the subcarrier and iteration indexes where the respective indexes follow easily. Accordingly to (10) the mean square error on the frequency domain samples s is given by
